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Abstract. This paper is devoted to the first turn steering and closing in 
particle accelerators of synchrotron type . 

In order to thread the beam entire turn around the accelerator ring and 
make the center of charge trajectory to follow the injection orbit as close 
as possible an original first turn steering algorithm has been developed. 
The algorithm uses the least squares approach but allows for constraints 
on the correctors kicks to be set . 

The problem of closing the second turn onto the first one has also been 
discussed. Two techniques are suggested: first turn closing by means of 
the last. two correctors in the ring and first turn closing applying the LSQ 
algorithm. 

The algorithms have been applied for the first turn steering and closing 
in the cooler synchrotron COSY, KFA, Julich, Germany. 

1. Introduction 

In order the particles in a circular accelerator to be able to perform hundred of 
thousands turns before to reach the final energy of the machine they must first 
of all pass the very first turn. As a kind of simplification the particle motion in 
a circular accelerator can be described as oscillations around a closed curve, the 
so-called closed or equilibrium orbit. The particles are injected into the machine so 
that the centre of the particle bunch to move along this equilibrium orbit. 

In practice however exist different kinds of imperfections. Quite big errors may 
occur especially during the assembling and the initial tuning of the accelerator. 
These are field errors in the bending magnets and the misalignment error in the 
focusing quadrupole lenses. Sometimes such errors are caused by unpredictable 
mistakes and there are several such cases in the accelerator practice . 

In the presence of big linear errors the centre of the charge trajectory does not 
follow the orbit any more and can have very big deviations. Even more, the beam 
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can hit somewhere the vacuum chamber not being able to make a complete turn 
around the machine. 

Launch errors in the injection system may also cause the beam loss or provided 
they are not so big - harmful, coherent oscillations of the beam. 

The situation is complicated by displacement errors in the beam position moni
tors (BPM) and by the low resolution of the monitors for a single-pass beam. 

So we face the task of threading the entire beam turn around the accelerator 
rmg . 

Special systems of correcting magnets and related with them beam position 
monitors measuring the orbit deviations are used for this purpose (1, 2). 

The first turn correction is closely related to the beam line steering. In fact 
before closing the first turn onto the second the magnetic structure of a circular 
accelerator can be looked at as a beam line. 

The beam losses are especially dangerous in the superconducting machines caus
ing the loss of the superconductivity and thus making the tuning process much 
longer. 

Having corrected the 'center of the charge trajectory so that the beam makes 
an entire turn around the ring we should close this trajectory, i.e. the second turn 
(and all following turns) to coincide with the first turn. In other words we have to 
establish a new (corrected) closed orbit passing through the injection point. 

This paper is devoted to the first turn correction and the related problems in 
the particle accelerators of synchrotron type. 

In order to thread the entire beam turn around the accelerator ring and make 
the center of charge trajectory to follow the injection orbit as close as possible an 
original first turn correction algorithm has been developed. The algorithm uses the 
least square approach. 

However very often the avai lable corrector strengths are not big enough for the 
exact correction to be realized so we have improved the algorithm adding parameter 
constraints. In order to limit the maximum corrector kicks we use the penalty 
function method. 

The first turn correction algorithm has been coded in the C-language program 
FTURN. 

As an example the case of the first turn steering in the cooler-synchrotron COSY 
which is under assembling in KFA-J ulich, Ger"many has been described. 

An original approach to the closing of the second turn onto the first one has 
also been discussed. Two techniques have been tried for this: first turn closing by 
means of the last two correctors in the ring and first turn closing applying the LSQ 
algorithm. 

2. First Turn Correction Algorithm 

Working on the first turn (until the beam closes on the second turn) one may look 
at the accelerator as a beam line. The BPMs "see" only those correctors which are 
placed before them. 
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Let 
Xj 

T/i = flJF (1) 

is the normalized deviation of the center of the beam charge in the i-th monitor. 
Let 

s 

J ds 
<p = Qf3(s) (2) 

0 

is the generalized azimuth. 
Let also 

(3) 

is the generalized kick in the j-th correcting magnet, €j being the traditional kick 
in the j-th correcting magnet 

Beil 
€j = Bp . (4) 

In ( 1) and (2) s is the longitudinal coordinate, x is the transversal coordinate, f3 is 
the betatron function and Q is the betatron frequency. In ( 4) B denotes the field 
in the j-th corrector, l - its length and Bp - the beam rigidity. 

Applying the principle of superposition we can write [3] 

where 

and 

is the Heaviside function. 

k 

T/i = 2.: a;j€; 

j=l 

e(x) = {1
' 

0, 
x~O 

x<O 

(5) 

(6) 

(7) 

Following the least squares approach we shall look for the minimum of the fol
lowing goal function: 

W(<j) = t [":""I"' + t, a;;<j r = m;n (8) 

In (8) 1Jdes denotes the desired center of the charge trajectory; n and k are current 
numbers of the used monitors and correctors. In the case when we lose the beam 
before a full turn to be carried out the current number of used monitors n is less than 
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the total number of monitors N and the current number of switched on correctors 
k is less than the total number of available correctors K. The current correctors 
number k is chosen so that <pk < <pn. 

It makes sense to add the very next monitor to the monitors actually reading 
beam deviations, assuming that it reads a trajectory deviation equal to + (or - ) 
the radius of the vacuum chamber. This gives an additional information about the 
trajectory slope in the last monitor. 

In practice there are limitations on the maximum allowed kicks in the correcting 
magnets 

(9) 

Thus we face a constrained optimization problem [4]. 
In order to solve this problem we use the penalty function method. 
The general idea of the method of the penalty functions is to reduce the con

strained optimization problem to a series of unconstrained problems. To do this we 
add to our goal function (8) a so-called penalty function a(c:j) which is chosen in a 
such way that it will "punish" the function w(c:j) if the constraints (9) are broken. 

We have chosen 

k 

a(c:j) = L max(O, c:;2 - D.J) 
j=l 

where 

D.j = D.j!ii. 

We shall solve the following series of unconstrained optimization tasks 

w'(c:j) µk) = w(c:j) + µka(c:j) ===>min 

where µk > O; k = 1, 2, 3 ... are parameters and 

Jim µk = oo. 
k--+oo 

(10) 

(11) 

(12) 

(13) 

Let c:jk, k = 1, 2, 3 ... are the consecutive points of the minimum of w'(c:j, µk)· 
Then it can be proved [2] that under some conditions concerning the goal function 

(14) 

and 

(15) 

c:Jopt being the minimum point of (8) under the constraints (9). 
The solution of the minimization problem (12) can be written in the following 

matrix form: 

(16) 
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where A is the matrix (6), E denotes the identity matrix and 'IJm and 'IJdes are the 
vectors of the measured and desired trajectories. 

In practice one starts with a sufficiently small value µ 1; solves ( 12) and checks 

(17) 

where b is the desired accuracy. 
If (17) is not fulfilled he goes to the next value of parameter µk 

µk+l = fJµk . (18) 

3. First Turn Closing 

After threading the entire beam turn around the accelerator one should ensure that 
the beam closes, i.e. that the second and the fo llowing turns coincide with the first 
turn. · 

Usually a correcting magnet and a BPM situated in the injection beam line close 
to the injection septum are used. The strength of the correcting magnet necessary 
for closing is determined by the "trial and error" method. 

Here we shall use the last two correctors in the ring for the beam closing. 
To perform the closing we need information about the first and the second turn. 

This information can be provided by the first two BPMs if they work in the single 
turn mode. 

Let xt and x~ are the first turn readings in BPM1 and BPM2 and xi and x~ -
the second turn readings. 

Let also M 1 is the beam transfer matrix between the (k - 1)-th corrector and 
BPM1; M 2 - between k-th corrector and BPM2; M 3 - between BPM1 and BPM2 . 

Knowing the transfer matrix M 3 between BPM1 and BPM2 and the readings in 
these monitors (x 1 and x2) we can calculate the slope in the first monitor 

(19) 

where 

3 {iJf ( Q( m m) m · Q( m m)] mu = V {Ff cos 'P2 - 'P1 + a1 srn 'P2 - 'P1 (20) 

mr2 = Jf3'{'{3g' sinQ(r.p'{' - r.p~'). (21) 

In order the second turn to be closed onto the first one the strengths of the two 
correctors should fulfill the following equations: 

where 

Llx1 = xt - xi 

Llx~ = x~1 - x~2 

(22) 

(23) 
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are the linear and angular discrepancies between the second and the first turns in 
BPM1 . 

We receive from (22) 

(24) 

(25) 

where 

(26) 

(27) 

(28) 

(29) 

The above procedure is implemented in the computer code FTURN. 
The procedure should be applied interactively until the necessary accuracy of 

the closing will be reached, because the changes in the setting of the Ck-l and Ck 
slightly change the Twiss functions. 

Another possibility is to treat the closing problem as an LSQ correction problem. 
As a matter of fact one can look at the first turn monitor readings as a desired 
trajectory and at the second turn as a trajectory to be corrected. 

The first several beam position monitors give information about the first and 
the second turns. 

The last several correctors in the ring can be used to match the second turn onto 
the first , fo llowing the LSQ procedure. 

4. The Cooler Synchrotron COSY Ex~mple 

We have realized the described above correcting algorithms in the computer code 
FTURN. 

FTURN is a C-language program. 
Some of the input parameters are entered into the computer from the keyboard 

during a dialogue with the user and some from the input files PUE. DAT and 
COR.DAT. The letter fi le serves also as an output file: in the beginning of the 
correction the correctors kicks €j in this fi le are set equal to zero and at the end of 
the correction session they have the necessary for the correction values. 

FTURN has two main options: beam threading and first turn closing. 
As an application of the descr ibed above algorithms we shall give here the ex

ample of the first turn steering and closing in the cooler synchrotron COSY which 
is under assembling in the KFA- J ulich, Germany. 
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The cooler synchrotron and the storage ring COSY are designed to accelerate 
protons and light ions up to an energy of 2.5GeV (0.9 < Bp < 12T.m) [5). The 
lattice consists of two bending arcs, each having three identical periods and two 40-
meters long straight sections with 27r(7r) phase advance (telescopes). The magnetic 
structure of each arc period is F-M-D-M-M-D-M-F (or with the opposite polarity of 
the quadrupoles). It has large flexibility enabling different regimes of the machine 
to be realized, in particular the ones with zero dispersion in the straight sections. 
The accelerator consists of 24 rectangular bending magnets, 24 quadrupole lenses 
in the arcs and 32 quadrupole lenses in the straight sections. 

The designed beam intensity is 2 x 1011 ppp. 
In order to improve the beam quality both electron and stochastic cooling will 

be used. 
The electron cooling will take place at the injection energy of about 

40 Me V /nucleon and will reduce the transverse emittance below 57r mm.mrad and 
momentum spread below 5 x 10-4 . 

The stochastic cooling of the de-beam is predicted and it will reduce the trans
verse emittance below l 7r mm.mrad. · 

Fig. 1 shows the center of the charge trajectory during the first turn in the 
presence of a relative error D.B / B = 5 x 10-3 in the first lattice dipole (thick line). 
Somewhat before the closing the beam hits the vacuum chamber of the accelerator 
and it is shown with a thin continuous line in Fig. l. It has a typical bell-shaped 
displacement for the beam to pass through the injection stripping foil. 
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Fig. 1. Center of charge trajectory before correction 

The distorted by the dipole error closed orbit is shown with a dashed line. 
In the cooler by synchrotron COSY 20 correcting magnets and 28 beam position 

monitors are used for the first turn steering and closing. 
The corrected center of charge trajectory applying FTURN is shown in Fig. 2. To 

achieve this result we have applied FTURN in two successive correction iterations. 
The maximum necessary corrector kicks was 1.6 mrad. All 20 orbit correctors have 
been used. 
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